A comparative study between the standard Washburn macroscale method for determination of the capillary wetting rate in a nonwoven textile fibre mesh and the polarization optical video-microscopybased microscale method for investigation of the wetting process in single fibres is reported. The study was performed with profiled polyester (PES) fibres associated with superior wicking performance.
Introduction
Some of the most important characteristics of textile materials are the capacity to absorb water-based liquids and the rate of the associated liquid sorption and desorption processes. These properties are customarily determined by standardized instrumental methods relying on macroscopic approaches based on testing patches of a selected fabric 1. However, transport of water through the fabric is a complex problem that involves capillary effects associated with different structures and length scales, from nano-and micro-pore structure associated with individual fibres through the interstitial channels in the fibrous assembly forming a yarn to the pores present in-between the yarns comprising a woven fabric 2-9. Due to interconnection of various phenomena it is usually very difficult to resolve how a specific structural parameter of the single fibre affects the kinetics of water transport at different levels 10.
In our recent work we demonstrated that characteristic wetting and sorption times of individual textile fibres can be readily determined by analysis of polarization optical microscopy (POM) images taken during liquid uptake process 11-13. The analysis is based on temporal modifications (video-miscroscopy) of the intensity of transmitted light passing through the fibre in cross-polarizers configuration. In this work a comparative study between the standard macroscopic method for determination of the wetting kinetics and its video-microscopy-based counterpart is reported. The profiled polyester (PES) fibres used in the study (Coolplus) are associated with textile materials known for their superior wicking performance 14,15. Our results show that both methods give very similar values for the wetting rate, which verifies that for materials based on these fibres the microstructure of a single fibre plays a dominant role in the liquid transport behaviour. Consequently, for such materials the microscale method can be fully competitive with the standard macroscopic approaches.
Experimental procedures
The nonwoven PES fibre mesh (Cool Plus II, Litia Spinnery, Slovenia) was composed of fibres with a linear density of 1.5 dtex and a staple length of 38 mm. Figure 1a shows the scanning electron Capillary wetting of profiled polyester fibres 3 microscopy (SEM) image of a single fibre. Longitudinal channels associated with the four-lobal (plusshaped) cross-sectional profile are clearly visible on its surface 16,17. The fibre mesh was stored at temperature T = 20C and relative humidity  = 65%. Macroscopic physical properties of the material were determined by a standard tensiometer test method used in textile engineering as described elsewhere 18. Its water retention was found to be 5% and its contact angle for water was measured to be 86.80.8.
For optical investigations one or more single fibres were pulled out from the mesh and fixed via their ends by a sticky tape to the microscope slide. Then the assembly was covered with a cover slip and both glasses with the fibres in-between were clamped together at their edges by two binder clips (15 mm in length). This produced a pressure of around 1 bar. Figure 1b shows a conventional colour image of the sample with three fibres obtained in a configuration in which the transmission directions of the polarizer and the analyser were oriented at 45 with respect to each other. To investigate the capillary wetting effect, samples that contained only one fibre were placed on the rotation stage of the microscope (Nikon Optiphot2-pol, Nikon, Japan). The polarizer and the analyser were set into crossed configuration. Then the sample was rotated so that the longitudinal Capillary wetting of profiled polyester fibres 4 direction of the fibre was oriented at 45 with respect to the transmission axes of the polarizer and the analyser. After that, a drop (5 l) of ultra-pure water 18 .2 Mcm at 25 C) produced by the Milli-Q system (EMD Millipore Corporation, USA) was released at one edge of the gap between both glass plates. The capillary action of the plates rapidly soaked the drop into the gap. Subsequently, wetting of the fibre took place, which caused modifications of the intensity of the light transmitted through the fibre (see figure 2) . These modifications were monitored in-situ with a fast monochrome camera (250 fps, IDS UI-3370CP-M-GL, IDS, Germany). Afterwards, analysis of video images was performed in Python (Open Source) to deduce temporal modifications of transmitted intensity I T (t) and analysis in ImageJ (Open Source) was used to resolve modifications of the fibre diameter D(t). The value of D was obtained as a distance between the two parallel edges of the image of the fibre as resolved by the Canny edge detection algorithm. Its threshold (resolution) was determined by the ratio of the camera pixel size (5.5 m) and the magnification (20 x) and was 0.28 m. The value of I T was obtained by summing up the intensity detected at selected camera pixels and dividing it by the number of the pixels. The resolution of I T was determined by the dynamic range (gray scale depth) of the camera, which was in our case 8-bit (256 gray-scale values). The analysis was performed for 20 samples. 
Background
Textile filaments and fibres exhibit optical anisotropy (birefringence) because of directional alignment of polymer chains induced by spinning and drawing processes. Due to the symmetry of these processes, the induced anisotropy is uniaxial, i.e. the fibres exhibit only two principal refractive indices: the principal refractive index for light polarized parallel (n II ) and perpendicular to the fibre axis (n  ) [1] . PES fibres are known to be strongly birefringent. The typical value of their optical anisotropy n = (n II n  ) is around 0.15 19. Consequently they can be readily examined by polarization optical microscopy (POM) using diascopic illumination combined with crossed polarizer and analyser configuration. If the fibre is oriented at 45 with respect to the transmission axes of the polarizer and the analyser, the intensity of transmitted light , is given as 20
where 0 is the intensity of incident light and
is the optical retardation, where d is the optical path-length through the fibre and  is the optical wavelength. The average diameter D of PES fibres used in our study is around 10 m (see figure 1a) , Another property that affects the intensity of light detected by the imaging sensor is the refractive index mismatch between the fibre material and the surrounding medium. This mismatch produces light reflection and refraction at the interface between both media and light scattering from imperfections that are present at the interface 21. Consequently, a part of the incident light is redirected away from
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6 the optical axis of the microscope and less light enters the imaging sensor. For that reason, in conventional optical microscopy (without polarizers) or if the polarizer and analyser in the POM are not crossed with each other, the fibres look darker than the surrounding region (see figure 1b) . The exact dependence of the transmissivity on the ratio between the refractive indices of the fibre and the refractive index of the surrounding medium n s depends on the shape and size of structural details with respect to the optical wavelength . In case of small imperfections, scattering can be described by the Rayleigh formula and the transmitted intensity is given as 22
with g(N) defined as scattering is a basic reason why wet textile fabric is usually more transparent than the dry one.
In summary, considering both effects described above, when some liquid is put in contact with a textile fibre the brightness of a selected segment of the fibre in the POM image is expected to either increase or decrease due to modification of  and to increase due to reduction of optical reflection and scattering associated with decrease of g(N).
Results and discussion
The analysis of the transmitted optical intensity was performed in four different neighbouring
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7 regions of the sample image. Figure 3 shows temporal variations of the average intensity of these regions calculated as
where the integration took place over the selected region (area j) and S is the surface area of that region. Water flow entered the imaged area from the upper right side. The value t = 0 is set so that it coincides with the star of the changes taking place in area 1 of the image. The initial drop of <I T > is attributed to capillary flow between the hydrophilic glass plates that causes a rapid pressure increase around the fibre and subsequently leads to lateral shrinking of the fibre. Due to the shrunk relative area of the light transmitting fibrous material, less light comes to the image detector and so <I T > decreases.
The initial dip is followed by an increase of <I T >, which is attributed to capillary flow between the fibre and the glass plates. As discussed in the previous section, for a specific segment of the fibre (with specific value of d) this can lead either to an increase or a decrease of the transmitted intensity (Eq. 1).
However, because in our experiments light transmitted through a large area of the fibre associated with different values of d was measured, the oscillations due to modifications of the optical retardation  averaged out. Consequently, the observed increase of <I T > is predominantly attributed to the decrease of light scattering.
8 The macroscopic process of water sorption into nonwoven fibre mesh was found to be rather
10 slow. Figure 6 shows the time dependence of the squared mass m 2 of absorbed water measured by the standard Washburn method employing a glass tube filled with the compressed fibre mesh (syphon test)
23. The dry mesh had a density of 0.45 g/cm 3
, which means that after water sorption about 1/3 of the inner volume of the tube was occupied by PES fibres, while about 2/3 of the volume was filled with water. Consequently, the corresponding time dependence of the height of the water front h(t) (see inset of figure 6) can be calculated as:
where  w = 2/3 is the volume fraction of water,  = 1.0 g/cm 3 is the density of water and S 0 is the cross-sectional area of the tube that was in our case 0.78 cm 2 . The characteristic Washburn-type linear dependence of the square mass on time, denoted by the red line in figure 6 , is observed in the interval 0 < t < 40 s. In this time interval the water front rises from h(t=0) = 0 to h(t = 40 s) = 4.0 cm, which results in an average macroscale capillary wetting rate <v mac > = (h/t) = 1 mm/s.
At this point one needs to stress out that due to nonlinear behaviour of h(t), i.e. h(t)  t 1/2 , the average capillary wetting rate depends on the measurement time t and in general increases with decreasing value of t. Therefore to obtain the value that can be considered characteristic for a specific system, one should choose a time interval that is in some way intrinsic to the system. In our case this interval was selected to be the interval of the initial linear increase of m 2 with t. The obtained values of the macroscale and microscale capillary wetting rates are very similar (<v mac > = 1 mm/s, <v mic > = 3 mm/s). The agreement is actually even better than can be deduced from the results. Namely, one needs to take into account that in the microscale experiments the capillary flow occurs in channels surrounded by heterogeneous walls, i.e. the capillary force partially originates from the water-glass interface and partially from the water-PES interface (see figure 5b ). Because the contact angle of water on glass is close to zero, capillary wetting rate in such conditions is larger than in channels surrounded only by PES, as is the case in the macroscale measurements.
Conclusions
The observed good matching between the kinetices of macroscale and microscale capillary wetting phenomena in the investigated material is attributed to low swelling level of the fibres (5%), due to which the capillary-bound water strongly dominates the swelling-bound water 24.
Consequently, the swelling process, which usually results in a relatively slow microscale sorption 13, is negligible and capillary wetting is predominantly driven by the capillary flow alongside the surface channels associated with the plus-shaped cross-sectional profile of the fibre. This gives the corresponding fabrics their superior wicking behaviour.
Despite the fact that in our study both methods gave very similar final results, they in general probe very different levels of the capillary wetting process. There are also large methodological differences between them. The main advantage of the macroscale Washburn method is that microscale diversity associated with polydispersity of fibre sizes and shapes mainly averages out. So only few measurements are needed to obtain a suitable certainty of the measured properties. The main disadvantage is poor control over structural arrangement and homogeneity of the fibre mesh in the measurement tube. The microscale POM-imaging-based method, on the other hand, requires analysis of a large number of samples, so that a suitable statistical average with respect to the fibre diversity is obtained. To make good testing samples with improved reproducibility, one should use a clamping system with controllable pressure. Also the release of water droplet onto the sample should be automated. Besides this, the time required for measurements can be considerably reduced if not only one, but several fibres are introduced into one and the same testing cell at large enough distances between them. Further optimization requires development of reliable image analysis procedures that have to be adjusted for the specific type of the fibres investigated 13, 25. The main advantage of the microscale method is that some external parameters, such as pressure, temperature, chemical reactants or some geometrical barriers, can be varied and controlled relatively easily, so it provides a very convenient platform for the investigation of the effect of those parameters on the wetting characteristics of single fibres.
